Background GKN2 and TFF1 form a heterodimer that is only generated in the mucus-secreting cells of the normal stomach. The formation of this heterodimer is frequently disrupted in gastric cancer. However, the precise roles of GKN2 alone and in the heterodimer with TFF1 as well as the contributions of GKN2 and the heterodimer to gastric carcinogenesis are poorly understood. Methods Cell viability, proliferation, and apoptosis were analyzed in AGS, MKN1, MKN28, and MKN45 gastric cancer cells transfected with GKN2 and/or TFF1 using MTT, BrdU incorporation, and apoptosis assays, respectively. In addition, cell viability was examined in HFE-145 non-neoplastic gastric epithelial cells after GKN2 and/or TFF1 silencing. Furthermore, the cell cycle and the expression of cell cycle and apoptosis related proteins were assessed. The interaction between GKN2 and TFF1 was confirmed by co-immunoprecipitation. Immunohistochemistry was employed to explore TFF1 expression in 169 gastric cancer tissues. Results Co-transfection with GKN2 and TFF1 significantly inhibited cell viability and proliferation by inducing G1/S cell cycle arrest and suppressing positive cell cycle regulators. Simultaneous knockdown of GKN2 and TFF1 in HFE-145 cells resulted in markedly increased cell viability. Moreover, the interaction of GKN2 and TFF1 promoted cell death by enhancing caspase-3/7 activity and upregulating pro-apoptotic proteins. At the mRNA level, GKN2 and TFF1 were found to be positively correlated in non-tumor and tumor samples. Immunohistochemistry revealed loss of TFF1 expression in 128 (75.73%) of 169 gastric cancers. There was a borderline-significant association between GKN2 and TFF1 protein expression in gastric cancers (P = 0.0598). Conclusion Collectively, our data demonstrated that the interaction between GKN2 and TFF1 can have synergistic antiproliferative and pro-apoptotic effects on gastric cancer.
Introduction
Despite numerous efforts to improve treatment efficacy and increase survival rates, gastric cancer remains a global burden, as it is one of the leading causes of cancer mortality worldwide [1] .
TFF1 (trefoil factor family 1; encoded by the TFF1 gene, also known as pS2) was originally identified as an estrogen-regulated mRNA in breast cancer cells [2, 3] . Further studies have revealed that it is a gastric-specific peptide normally secreted predominantly in the foveolar and superficial epithelia of gastric mucosa [4] . TFF1 belongs to the trefoil factor family of proteins, which play essential roles in epithelial restitution and mucosal repair within the gastrointestinal tract [5] . Indeed, TFF1 has been found to be upregulated in response to mucosal injury induced by peptic ulceration [6, 7] , inflammatory bowel disease [8] , and nonsteroidal anti-inflammatory drugs or ethanol [9] . Interestingly, TFF1 knockout mice exhibit severe hyperplasia and dysplasia, leading to adenomas and multifocal invasive carcinomas in 30% of the knockout mice [10] . In humans, there is a progressive loss of TFF1 from normal gastric mucosa to carcinoma, with only 50% of gastric cancers expressing TFF1 [11] . Somatic TFF1 inactivation, including mutation, allelic loss, and promoter methylation, is commonly detected in gastric cancers [12] [13] [14] . However, the molecular mechanisms responsible for the tumor-suppressive activities of TFF1 have not been fully clarified.
In a previous study, we showed that gastrokine 2 (GKN2) is able to inhibit the activity of GKN1, thereby contributing to gastric mucosal homeostasis [15] . Interestingly, GKN2 and TFF1 can form a heterodimer that is stabilized through an intermolecular disulfide bond between cysteine residues in the carboxy terminus of TFF1 (Cys58) and in the BRICHOS domain of GKN2 (Cys38) [16] . Notably, this heterodimer forms only in the mucussecreting cells of the stomach [16, 17] . However, co-expression of GKN2 and TFF1 is frequently disrupted in gastric cancers and the expression of TFF1 in the absence of GKN2 is associated with a more invasive and metastatic phenotype [18] . It seems that GKN2, when acting as a protein partner to TFF1, may be involved in the regulation of important anticarcinogenic effects of TFF1. Although GKN2 has been identified as a gastric tumor suppressor [19, 20] , the precise roles of GKN2 alone and when interacting with TFF1 are poorly understood.
Therefore, the objective of this study was to determine the effects of the interaction of GKN2 and TFF1 on gastric cancer cell viability, proliferation, and apoptosis. We hypothesized that GKN2 and TFF1 may possess synergistic antitumor activities in gastric cancer. Overall, we found that GKN2 and TFF1 heterodimer formation demonstrated substantial antiproliferative and pro-apoptotic effects, suggesting that TFF1 and GKN2 act synergistically to inhibit gastric carcinogenesis.
Materials and methods
Cell culture and transfection with GKN2 and TFF1
The cancer cell lines AGS, MKN1, MKN28, and MKN45 were obtained from the American Type Culture Collection and HFE-145 non-neoplastic gastric epithelial cells were obtained from Dr. Ashktorab and Dr. Smoot (Washington, DC, USA). The cells were cultured at 37°C in 5% CO 2 in RPMI-1640 medium (Lonza, Basel, Switzerland) supplemented with 10% heat-inactivated fetal bovine serum. GKN2 and TFF1 cDNAs were cloned into the expression vector pcDNA3.1 (Invitrogen, Carlsbad, CA, USA). AGS, MKN1, MKN28, and MKN45 cells were transfected in 60-mm diameter dishes with expression plasmids (2 lg total DNA) using Lipofectamine Plus transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's recommendations. The experimental groups were as follows: (1) mock control (transfection with empty vector); (2) transfection with GKN2; (3) transfection with TFF1; (4) co-transfection with GKN2 and TFF1.
Measurement of cell viability and proliferation
We investigated whether GKN2 and TFF1 are involved in the regulation of cell viability by performing MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide] assays in AGS, MKN1, MKN28, and MKN45 cells after transfection with GKN2 and TFF1. The MTT assay was also performed in HFE-145 non-neoplastic gastric epithelial cells after silencing GKN2 and TFF1 by siGKN2 and siTFF1, in order to further verify whether cell viability is dependent on the activities of the GKN2 and TFF1 proteins. Both siGKN2 and siTFF1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Absorbance was measured with a spectrophotometer at 560 nm, and cell viability was expressed relative to the mock control.
For cell proliferation analysis, a BrdU incorporation assay was performed in the AGS and MKN1 cells after transfection with GKN2 and TFF1 using the BrdU cell proliferation assay kit (Millipore, Billerica, MA, USA) according to the manufacturer's instructions. Absorbance was measured with a spectrophotometer at 450 nm, and proliferation was expressed relative to the mock control.
Co-immunoprecipitation (Co-IP)
GKN2-and/or TFF1-transfected AGS and MKN1 cells were washed with PBS and lysed at 4°C with PBS, pH 7.2, containing 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF, 1.0 mM NaVO 4 , and 1.0% protease inhibitor cocktail (Sigma, St. Louis, MO, USA), as described previously [21] . Equal protein aliquots (1.0 mg) were immunoprecipitated with 2.0 lg of antibodies to GKN2 (Abcam, Cambridge, UK) and TFF1 (Santa Cruz Biotechnology) in protein A/G plus agarose (Santa Cruz Biotechnology), as described previously [22] .
Cell cycle analysis using flow cytometry
We also explored the effects of GKN2 and TFF1 on cell cycle progression by flow cytometry. AGS and MKN1 cells Examination of the expression of cell cycle regulators by western blot analysis
Further, we determined whether GKN2 and TFF1 influence the expression of cell cycle regulators. Expression of the G0/G1 and G2/M phase proteins, including p53, p21, CDK6, cyclin D1, E, A, and B, was examined in AGS and MKN1 cells at 72 h after transfection with GKN2 and/or TFF1 by western blot analysis, as described previously [15] . The following antibodies were used: p53, p21, GAPDH (Santa Cruz Biotechnology), CDK6, cyclin D1, E, A, and B (Cell Signaling, Danvers, MA, USA).
Measurement of apoptosis
Apoptosis was measured using an annexin V binding assay according to the manufacturer's instructions (BD Biosciences). Annexin V binds to cells that display phosphatidylserine on the cell membrane, whereas PI stains cellular DNA with a compromised cell membrane. Transfected AGS, MKN1, MKN28, and MKN45 cells were washed twice in cold PBS and resuspended in 100 ll binding buffer. In each case, 100 ml supernatant were mixed with 400 ll blocking solution and 5 ll annexin V-FITC (1 lg/ml), 5 ll PI (2 lg/ml) were added, and the mixture was incubated in the dark for 15 min. Cells were analyzed using a fluorescence-activated cell sorter (BD Biosciences). Annexin-V-positive cells without PI staining were considered to be apoptotic cells.
We also examined caspase-3 and -7 activity with the Apo-One Homogeneous Caspase 3/7 assay kit (Promega Corporation, Madison, WI, USA), as described previously [23] . Expression of apoptosis-related proteins was also examined by western blot analysis in AGS and MKN1 cells transfected with GKN2 and/or TFF1. Briefly, cell lysates were separated on a 10% polyacrylamide gel and transferred onto a Hybond PVDF membrane (Bio-Rad, Richmond, CA, USA). After blocking, the membrane was probed with antibodies against the following proteins: Mcl-1, BAX, Bcl-2, caspase-3, cleaved caspase-3, PARP, cleaved PARP (Cell Signaling), GAPDH (Santa Cruz Biotechnology), and mouse IgG and rabbit IgG (Sigma). An enhanced chemiluminescence plus western blotting detection system (Amersham Pharmacia Biotech, Piscataway, NJ, USA) was used to detect bound antibodies. The intensity of bands was quantified using LAS 3000 (Fujifilm, Tokyo, Japan).
Analysis of GKN2 and TFF1 expression in gastric non-tumor and tumor tissues by real-time RT-PCR
Expression of GKN2 and TFF1 mRNAs was analyzed in 46 gastric cancer and corresponding non-tumor tissues by realtime RT-PCR. The primer sequences are listed in Table 1 . Quantitative RT-PCR was performed on an IQ5 optical system (Bio-Rad) using SYBR Green Q-PCR Master Mix (Bio-Rad), as described previously [22] . All samples were tested in duplicate. Data are reported as relative quantities according to an internal calibrator using the 2 -DDCT method [24] . Written informed consent was obtained from all participants in accordance with the Declaration of Helsinki. The study was approved by the Institutional Review Board of The Catholic University of Korea, College of Medicine (CUMC09U089).
Investigation of TFF1 expression in gastric cancers by immunohistochemistry
Tissue microarray recipient blocks containing 169 gastric cancer tissues were constructed from formalin-fixed paraffin embedded specimens according to established methods [25] . One cylinder of normal gastric mucosa adjacent to each tumor was also transferred to the recipient block. Sections (2 lm thick) were cut the day before use and stained according to the standard protocol.
To enhance the signal, we used antigen retrieval in citrate buffer and signal amplification with biotinylated tyramide [12] . The sections were incubated overnight at 4°C with TFF1 antibodies (1/100; Santa Cruz Biotechnology), as described previously [15] . Staining for TFF1 antigen was considered positive when[10% of the cancer cells showed positive staining. The results were reviewed independently by two pathologists. For negative controls, primary antibodies were replaced with non-immune serum. We compared TFF1 expression patterns with our previous GKN2 expression data [15] . 
Statistical analysis
The effects of GKN2 and TFF1 on cell viability, proliferation, the cell cycle, and apoptosis were assessed by Student's t test. Data are expressed as the mean ± SD from at least three independent experiments. Spearman's correlation and chi-square tests were used to investigate relationships between GKN2, TFF1, and clinicopathologic parameters. Statistical analyses were performed using Graphpad TM 5.0 (GraphPad Software Inc., San Diego, CA, USA). P values \0.05 were considered statistically significant.
Results

Heterodimeric interaction between GKN2 and TFF1
Previously, Westley et al. immunopurified GKN2 using a TFF1-specific antibody from human gastric mucosal cells and showed that GKN2 is present with TFF1 in a heterodimer [16, 18] . Therefore, we verified the interaction between GKN2 and TFF1 using co-immunoprecipitation analysis. GKN2 and TFF1 did indeed form a complex after co-transfection with GKN2 and TFF1 in AGS and MKN1 cells (Fig. 1a) . Additional examination of whole-cell lysate served as a control for GKN2 and TFF1 protein expression (Fig. 1a) .
GKN2 and TFF1 synergistically inhibit cell viability and proliferation
Cell viability and proliferation assays were performed in AGS, MKN1, MKN28, and MKN45 cells transfected with GKN2, TFF1, and GKN2 plus TFF1. Transfection with TFF1 resulted in a considerable time-dependent decrease in cell viability, especially at 48 and 72 h after transfection (both P \ 0.0001), whereas GKN2 alone led to minimal changes in cell viability (Fig. 1b, Supplementary Figure S1 in the Electronic supplementary material, ESM). Interestingly, co-transfection with both GKN2 and TFF1 stimulated a dramatic reduction in cell viability, which was rather more significant than transfection with either TFF1 or GKN2 alone (P \ 0.0001, Fig. 1b, Supplementary Figure S1 in the ESM).
Additionally, we verified the effects of GKN2 and TFF1 on cell viability in HFE-145 non-neoplastic gastric epithelial cells after silencing GKN2 and TFF1 using siGKN2 and siTFF1 (Fig. 1d) . Silencing GKN2 using siGKN2 did not lead to significant changes in cell viability, whereas knockdown of TFF1 resulted in elevated cell viability (P \ 0.05). Furthermore, simultaneous knockdown of both GKN2 and TFF1 led to a more substantial increase in cell viability than silencing either GKN2 or TFF1 alone (P \ 0.05) (Fig. 1d) .
In the BrdU incorporation assay, GKN2 expression failed to show any notable effect on cell proliferation. However, TFF1 expression led to a time-dependent reduction in cell proliferation at 48 and 72 h after transfection (both P \ 0.0001, Fig. 1c) . Similarly, GKN2 and TFF1 co-expression resulted in considerably diminished proliferation levels of AGS and MKN1 cells (both P \ 0.0001, Fig. 1c ).
GKN2 and TFF1 co-expression restricts cell cycle progression by inducing G1/S arrest Next, we determined whether GKN2 and TFF1 are involved in cell cycle regulation. As shown in Fig. 2a , GKN2 alone had no effect on the cell cycle. However, TFF1 alone significantly increased the percentage of cells at the G1 phase while decreasing the number of cells at the S phase. In addition, the interaction between GKN2 and TFF1 triggered G1/S cell cycle arrest in both AGS and MKN1 cells (Fig. 2a) .
Therefore, we checked whether GKN2 and TFF1 could modulate cell cycle progression by regulating G0-, G1/S-, and G2/M-phase-related proteins. Western blot analysis revealed markedly elevated expression levels of p53 and p21 in cells transfected with TFF1 or with GKN2 plus TFF1 (Fig. 2b) . Furthermore, the interaction between GKN2 and TFF1 considerably downregulated the c Fig. 1a-d Synergistic antiproliferative effects of the interaction of GKN2 and TFF1 in gastric cancer cells. a In co-immunoprecipitation analysis, AGS and MKN1 cells transfected with GKN2 and TFF1 showed the formation of a complex of GKN2 and TFF1. Examination of whole-cell lysate served as a control for GKN2 and TFF1 protein expression. b In the MTT assay, TFF1 significantly suppressed cell viability in a time-dependent manner, whereas GKN2 alone failed to exert a notable effect on cell viability. The interaction of GKN2 and TFF1 synergistically enhanced the inhibition of the cell viability of AGS and MKN1 cells. c In the BrdU incorporation assay, transient transfection with TFF1 led to a time-dependent reduction in cell proliferation, especially at 48 and 72 h after transfection. However, co-expression of GKN2 and TFF1 resulted in a more substantial antiproliferative effect on AGS and MKN1 gastric cancer cells than transfection with TFF1 or GKN1 alone. d Cell viability was examined by MTT assay in HFE-145 non-neoplastic gastric epithelial cells after silencing GKN2 and TFF1 using siGKN2 and siTFF1, respectively. GKN2 silencing by siGKN2 did not lead to significant changes in cell viability, whereas knockdown of TFF1 resulted in elevated cell viability. Simultaneous knockdown of both GKN2 and TFF1 led to a more substantial increase in cell viability than silencing GKN2 or TFF1 alone did. Data are expressed as mean values ± SD from at least three independent experiments. The unpaired Student's t test was used to analyze statistical differences in cell viability and proliferation between experimental groups. P \ 0.05 was considered statistically significant expression levels of CDK6 and cyclin D, E, A, and B (Fig. 2b) . These findings indicate that GKN2 and TFF1 act synergistically to suppress cell cycle progression.
GKN2 and TFF1 synergistically promote apoptosis
We also examined cell death by staining AGS, MKN1, MKN28, and MKN45 cells with FITC-labeled annexin V and PI. As shown in Fig. 3a and Fig. S2 in the ESM, the percentage of FITC-labeled annexin-V-positive cells was greatly increased after transfection with TFF1 compared to mock-transfected cells (P \ 0.05). However, ectopic GKN2 expression had no effect on apoptosis. Notably, the formation of the GKN2 and TFF1 complex resulted in significantly more augmentation of the proportion of apoptotic cells compared to the proportions seen with GKN2 or TFF1 alone in AGS, MKN1 MKN28, and MKN45 cells (P \ 0.05) (Fig. 3a, Supplementary Figure S2 in the ESM). As expected, ectopic GKN2 expression did not change the level of caspase-3/7 activity (Fig. 3b) . However, caspase-3/7 activity was significantly increased in cells transfected with TFF1 (P \ 0.05), and it was even more enhanced in cells expressing both GKN2 and TFF1 (P \ 0.05) (Fig. 3b) . In addition, cleaved forms of caspase-3 and PARP were present in TFF1-transfected cells. However, there was no change in the expression levels of these proteins in GKN2-transfected AGS and MKN1 cells (Fig. 3c) . Furthermore, cells transfected with both GKN2 and TFF1 showed significantly elevated expression levels of BAX, cleaved PARP, and cleaved caspase-3, whereas the expression levels of anti-apoptotic proteins such as Mcl-1 and Bcl-2 were markedly decreased (Fig. 3c) . These findings suggest that GKN2 may acquire pro-apoptotic properties when it is complexed with TFF1, thereby leading to synergistic induction of apoptosis.
Positive correlation between GKN2 and TFF1 in gastric non-tumor and tumor tissues
We examined the mRNA expression levels of GKN2 and TFF1 in gastric tumor and corresponding non-tumor tissues using real-time RT-PCR. Both GKN2 and TFF1 mRNA expression levels were significantly diminished in tumor tissues compared to those in non-tumor tissues (P \ 0.0001) (Fig. 4a) . Interestingly, the TFF1 mRNA expression level was significantly lower in intestinal-type cancers than in diffuse-type cancers (P = 0.0137) (Fig. 4b) . However, the GKN2 mRNA expression level was markedly reduced in both histological types of gastric cancer, with no statistically significant difference between the reductions seen in both histological types (P = 0.0970) (Fig. 4b) . As shown in Fig. 4c , there was a positive correlation between GKN2 and TFF1 mRNA expression in non-tumor samples (P \ 0.0001). This significant correlation between GKN2 and TFF1 mRNA expression levels was also observed in gastric tumor samples (data not shown).
Expression of TFF1 in gastric cancers
Immunohistochemical analysis revealed moderate staining for TFF1 mainly in the cytoplasm of gastric mucosal cells (Fig. 5a) . A reduction in or loss of TFF1 expression was detected in 10 (62.5%) and 118 (77.1%) of the upper tumors and lower tumors, respectively. According to Lauren's classification [26] , TFF1 was expressed in 22 (28.6%) of 77 intestinal-type gastric cancers and 19 (20.7%) of 92 diffuse-type gastric cancers (Table 2) . However, there was no significant relationship between altered expression of the TFF1 protein and clinicopathologic parameters such as tumor location, tumor size, differentiation, and lymph node metastasis (chi-square test, P [ 0.05, Table 2 ). When we compared the present data with our previous data [15] on GKN2 expression in these cases, 100 (62.5%) cases were found to show immunonegativity for both GKN2 and TFF1 proteins. There was a borderline-significant correlation between GKN2 and TFF1 expression levels (P = 0.0598) ( Table 2) . Kaplan-Meier analysis revealed that the overall survival rates of gastric cancer patients expressing GKN2 or TFF1 independently did not differ significantly from the overall survival rate of gastric cancer patients co-expressing both GKN2 and TFF1 (P = 0.5204) (Fig. 5b) .
Discussion
Three different molecular forms (monomer, dimer, and complex) of TFF1 have been detected in normal human gastric mucosa [27] . Interestingly, the GKN2 protein has been found to be a binding partner for TFF1, and the majority of the TFF1 protein is present as a TFF1:GKN2 heterodimeric complex stabilized by a disulfide bond, suggesting that heterodimer formation may be crucial to TFF1 function [16] . In turn, almost all human GKN2 proteins are present as heterodimers with TFF1. However, GKN2 cannot bind to the other two trefoil proteins TFF2 and TFF3 [28] . Furthermore, it has been confirmed that GKN2 and TFF1 are co-expressed by surface mucus-secreting cells throughout the stomach [17, 28] , and that the molecular forms of each of the two proteins are affected by the relative abundance of the other [28] . In the present study, we confirmed the interaction between the GKN2 and TFF1 proteins and the formation of a complex between them in both AGS and MKN1 cells (Fig. 1a) .
There is a paucity of data on the ability of GKN2 and TFF1 to regulate cell viability and proliferation in gastric cancers. One study has demonstrated that monomeric TFF1 can reduce cell proliferation but is less potent than its dimeric form [29] . In addition, it has been reported that GKN2 can inhibit the proliferation, migration, and invasion of gastric cancer cells [19, 30] . Therefore, we took an interest in the effects of the GKN2:TFF1 heterodimer on gastric cancer cell viability and proliferation. Interestingly, GKN2 alone had no significant effect on cell viability and proliferation (Fig. 1b, c, Supplementary Figure S1 in the ESM), whereas TFF1 markedly inhibited both the cell viability and proliferation of AGS, MKN1, MKN28, and MKN45 gastric cancer cells in a time-dependent manner (Fig. 1a, b, Supplementary Figure S1 in the ESM). In particular, the heterodimeric interaction between GKN2 and TFF1 prompted a significantly greater decrease in cell viability and proliferation than GKN2 or TFF1 alone (Fig. 1b, c, Supplementary Figure S1 in the ESM). These results are consistent with those of previous studies reporting that GKN2 alone does not affect cell growth [15] and that GKN2 -/-mice show no evidence of significant epithelial hyperplasia or spontaneous gastric tumors [20] . Thus, GKN2 may be able to acquire growth-inhibiting properties by interacting with TFF1, thereby facilitating the antiproliferative impact of the latter. Recently, TFF1 has been found to be able to activate p53 by downregulating miR-504 [31] . Another study has reported that TFF1 can inhibit cell proliferation by delaying G1/S cell phase transition while paradoxically increasing the expression of cyclin D1 [32] . To confirm or refute these findings and investigate the possible mechanisms of TFF1-and GKN2-mediated cell growth, the expression of cell cycle regulators was determined and flow cytometric analyses of the cell cycle were performed. The interaction of GKN2 with TFF1 limited cell cycle progression at the G1/S checkpoint (Fig. 2a) and markedly downregulated positive cell cycle regulators while upregulating the expression levels of negative cell cycle regulators (Fig. 2b) . These results are consistent with those in previous studies describing the antiproliferative properties of TFF1 [29, 32] , suggesting that TFF1 and GKN2 act synergistically to inhibit gastric cancer cell viability and proliferation via G1/S cell cycle arrest and by regulating G0-and G1/S-phase-related proteins.
Interestingly, Bossenmeyer-Pourié et al. have proposed that TFF1 has dual antiproliferative and anti-apoptotic functions: it delays the G1/S cell phase transition and targets the active form of caspase-9 in colon cancer cells [32] . Shi et al. have demonstrated that GKN2 may induce apoptosis by activating Fas, caspase-3, and caspase-8 [33] . In this study, ectopic TFF1 expression was linked to a considerably elevated percentage of apoptotic cells compared to a mock control (Fig. 3a, Supplementary Figure S2 in the ESM). Additionally, TFF1 significantly enhanced caspase-3/7 activity (Fig. 3b) and the expression levels of cleaved PARP, caspase-3, and pro-apoptotic protein Bax, while it suppressed the expression of anti-apoptotic proteins including Mcl-1 and Bcl-2 (Fig. 3c) . Most importantly, caspase-3/7 activity (Fig. 3b) , the expression of proapoptotic proteins (Fig. 3c) , and the proportion of FITClabeled annexin-V-positive cells (Fig. 3a, SUpplementary  Figure S2 in the ESM) were dramatically augmented in AGS, MKN1, MKN28, and MKN45 cells that co-expressed GKN2 and TFF1. These findings suggest that GKN2 and TFF1 can synergistically induce apoptosis in gastric epithelial cells by stimulating caspase-3/7 activity and modulating apoptosis-related proteins.
Notably, Moss et al. revealed that 85% of diffuse-type and 54% of intestinal-type gastric cancers show loss of GKN2 expression and that over 70% of gastric cancers show loss of TFF1 expression [18] . In addition, it has been confirmed that GKN2 is a significant independent predictor of survival in intestinal-type gastric cancers (P \ 0.033) [18] . In the present study, GKN2 and TFF1 mRNA expression levels were dramatically downregulated or lost in cancer tissues compared to those in corresponding nontumor tissues (Fig. 4a) . In addition, the TFF1 mRNA expression level was significantly lower in intestinal-type gastric cancers than in diffuse-type gastric cancers (Fig. 4b) . Interestingly, a positive correlation between GKN2 and TFF1 mRNA expression was observed in both adjacent non-tumor tissues and gastric cancer tissues (Fig. 4c) . Consistent with this, immunonegativity for both GKN2 and TFF1 proteins was found in 100 cases (62.5%), and there was a borderline-significant correlation between GKN2 and TFF1 expression ( Table 2 ; Fig. 5a ). These results support previous findings that GKN2 and TFF1 are co-expressed in the normal stomach and that such co-expression is frequently disrupted in gastric cancers, suggesting a potential clinical relevance of the GKN2 and TFF1 complex in gastric carcinogenesis. When we examined the overall survival of gastric cancer patients, there was no significant difference between patients who expressed GKN2 or TFF1 alone and those who co-expressed both GKN2 and TFF1 (Fig. 5b) . Our findings suggest that attenuated tumor-suppressing activity of TFF1 due to downregulation or loss of GKN2 and TFF1 may play a crucial role early in the development of gastric cancer.
In conclusion, this study presents a novel mechanism of synergistic gastric cancer suppression through the interaction of GKN2 and TFF1. Co-expression of GKN2 and TFF1 massively suppressed the expression of positive cell cycle regulators and induced G1/S arrest, synergistically enhancing the inhibition of cell viability and proliferation. Furthermore, TFF1 increased the expression of negative cell cycle regulators and greatly elevated the proportion of apoptotic cells and caspase-3/7 activity. Finally, we found that the heterodimerization between GKN2 and TFF1 manifested much stronger antiproliferative and pro-apoptotic effects than GKN2 or TFF1 alone, suggesting that GKN2 and TFF1 co-expression may lead to synergistic tumor suppression in gastric cancer. Thus, the combined delivery of functionally synergistic genes such as GKN2 b Fig. 3a-c GKN2 and TFF1 synergistically induce apoptosis. a The annexin-V-binding assay showed a significant increase in the percentage of FITC-labeled annexin-V-positive cells in TFF1-transfected cells. GKN2 and TFF1 co-expression in AGS and MKN1 cells resulted in significantly more augmentation of the proportion of apoptotic cells than GKN2 or TFF1 expression alone. b Caspase-3/7 activity was not changed after transfection with GKN2. However, ectopic TFF1 expression significantly increased caspase-3/7 activity, which was more enhanced in cells expressing both GKN2 and TFF1 than in cells expressing GKN2 or TFF1 alone. c Western blot analysis revealed the presence of cleaved forms of caspase-3 and PARP in TFF1-transfected cells. Co-expression of GKN2 and TFF1 significantly enhanced the expression levels of BAX, cleaved PARP, and cleaved caspase-3 proteins while diminishing the expression levels of anti-apoptotic proteins such as Mcl-1 and Bcl-2
Fig. 4a-c Positive correlation between GKN2 and TFF1 mRNA transcript expression. a In real-time RT-PCR analysis, the mRNA expression levels of GKN2 and TFF1 were greatly decreased in tumor tissues compared to those in corresponding non-tumor samples. b The TFF1 mRNA expression level was significantly lower in intestinaltype gastric cancers. c There was a positive correlation between GKN2 and TFF1 mRNA expression in non-tumor samples. GKN2 and TFF1 mRNA levels were normalized to the mRNA level of the housekeeping gene GAPDH. The standard curve method was used to quantify the relative amounts of gene expression products. This method provides unitless normalized expression values that can be used for direct comparison of the relative amounts of mRNA in different samples. All samples were tested in triplicate. Data are reported as relative quantities according to an internal calibrator using the 2 -DDCT method and TFF1 may be a potentially effective therapeutic strategy for gastric cancer. 
